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Most of the experimental realizations of the Kondo effect correspond to spin 1/2 and SU(2) symmetry. However, when degeneracy between two orbitals is present, a more exotic SU(4) Kondo effect can occur due to the additional pseudospin 1/2 orbital degree of freedom. Until recently, the restriction of robust degeneracy has limited the observation of this effect to C nanotubes, where there is a valley degeneracy as in graphene [15, 16] .
Individual iron(II) phtalocyanine (FePc) molecules are known to display a FKA resonance [17] . In a recent work, Tsukahara et al. [18] performed a STM study of FePc molecules deposited on top of clean Au(111). At high enough densities, FePc molecules self-organize into a square lattice. Tsukahara and co-workers analyzed the STS line shapes upon variation of the cluster size and coordination number of the molecules, therefore allowing to observe the spectral evolution of the FKA, from the single-impurity limit to the two-dimensional (2D) lattice. The most prominent feature is the observation of a splitting of the FKA in the case of high coordination number [18] . The authors interpret this phenomenon in terms of the competition between the impurity Kondo effect and the indirect RKKY interaction. However, a problem with this interpretation is that this interaction is too small at the distance R between magnetic Fe ions (k F R ≈ 16, where k F is the Fermi wave vector of Au) [19] . As a comparison, for CoCu n Co clusters on Cu(111), with a similar structure of the conduction electrons and about 40 times larger Kondo temperature T K for the isolated Co impurity, no splitting of the FKA was observed even for n = 1 [9] . It is therefore important to clarify the origin of this splitting. On the other hand, it has been shown that for isolated FePc molecules (in the most usual on-top configuration), the degeneracy between partially filled 3d xz and 3d yz orbitals of Fe, leads to an SU(4) Kondo effect [20] . To the best of our knowledge, an extension of the SU(4) impurity model to the lattice has not been studied so far.
In this Letter, we theoretically study the evolution of the SU(4) Kondo effect from the single impurity to the 2D limit in system consisting of FePc molecules ontop of a metallic sustrate. We derive the appropriate effective SU(4) Hubbard-Anderson model consistent with the underlying symmetries of the problem, which enables to describe clusters of FePc molecules of different size and connectivity. We focus on the theoretical calculation of the STS differential conductance dI/dV (as observed ex show a good agreement with the experimental results and are important for the correct physical interpretation of the data [18] .
Model.-We start our theoretical description by deriving an effective minimal Hubbard-Anderson model for the 2D lattice of FePc molecules. For the case of an isolated molecule (see Fig. 1(a) ), the effective SU(4) Anderson model has been derived by Minamitami et al. on the basis of ab-initio and numerical-renormalization-group calculations [20] . In this case, the low-energy physics is described by two degenerate molecular orbitals of xz and yz symmetry, which have most of their weight on the corresponding 3d orbitals of the Fe atom. To extend this impurity model to the lattice, we add the hopping between nearest-neighbor (NN) molecules, leading to a model similar to the one used to describe a trimer of Co atoms on Au(111) [21] . However, in the present case, the orbital degeneracy and the symmetry of the molecular orbitals introduce peculiar features. On general symmetry grounds, one expects that the effective hopping between any two NN molecular orbitals (either direct or mediated through the substrate Au states) will depend on the direction of the hopping. In particular, we assume that the effective hopping between NN 3d Fe orbitals can occur by direct overlap of the organic ligands or via the Au(111) substrate. In the first case, the coupling can be hypothetically thought as occurring via the p z orbitals of the neighboring N atoms. In that case, defining the x and y directions as those pointing from the Fe atom to its four NN N atoms (see Fig. 1(a) ), the Fe 3d νz hybridizes only with the p z orbitals of the N atoms in the ν direction (ν = x or y), and the hopping with other orbitals s or p vanishes by symmetry. The presence of the remaining atoms of the molecule and the substrate can modify quantitatively these arguments. However, regardless of these microscopic details and of the specific origin of the effective hopping along the xy plane, its directional dependence is a robust feature that remains unchanged, and turns out to be crucial for our description. The effective model then becomes H = H mol + H c + H mix where H mol describes the molecular states and the hopping between them, H c the the conduction states, and H mix the mixture between them.
To illustrate the derivation of H mol , we consider a simplified system which retains the essential physics. We have calculated the effective hopping between molecular orbitals in a lattice of hypothetical FeN 4 molecules (i.e., the central part of FePc) as shown in Fig. 1(a) . For each molecule, the relevant molecular states are:
Here,d
ν rij ,σ is the destruction operator for electrons with spin σ in the 3d νz orbital of Fe at cluster with position r ij = ia 1 + ja 2 (with a 1 , a 2 the Bravais lattice vectors defined in Fig. 1(b) ), andp
rij ,σ is the destruction operator in the 2p z orbital of the N atom located at position η = {r, l, t, b} within the molecule (respectively: right, left, top, bottom, with respect to the central Fe atom in the molecule).
It is easy to calculate the effective hopping between molecular states, in a tight-binding description, assuming a hopping t between NN N atoms (see Fig. 1(b) ). The magnitude of this hopping is either t = |β| 2 t or zero. To simplify the model, one can "rotate" the molecular orbitals defining a new basis set x rij ,σ , y rij ,σ such that x rij ,σ H |y r lm ,σ = 0, for all r ij , r lm , therefore conserving the orbital index ν = (x, y) in the hopping process. It is more convenient for us to work in the hole representation. Calling h ν rij ,σ the operators which destroy a hole (create an electron) in the molecular state ν in the new basis, we arrive at the effective 2D Hubbard model:
where the effective hopping amplitudes t 1 and t 2 connect NN h ν orbitals localed at r ij and r ij ± a ν , with the compact notation (a x = a 1 , a y = a 2 ), and (x = y,ȳ = x). E h and n rij = σν n ν rij ,σ , with n ν rij ,σ = h ν † rij ,σ h ν rij ,σ are, respectively, the energy and number of holes. The last term in Eq. (2) accounts for the local Hubbard repulsion between holes at site r ij . Note that Hamiltonian Eq. (2) is explicitly SU(4)-invariant. For the simplified system of FeN 4 molecules we obtain t 1 = 0.618t and t 2 = −1.618t. This anisotropy of the hopping for a given orbitals should persist by symmetry in the lattice of 2D FePc molecules. One can show that the effective hopping mediated through conduction states in the substrate shows the same features: it is highly anisotropic and conserves the orbital index.
To consider the coupling to the metallic substrate, we make the simplifying assumption that the distance between the Hubbard sites is R 1/k F , with k F the Fermi momentum of the metallic substrate. This approximation is not generic, but this limit is well verified in experimental molecular Kondo systems, in particular in ours, where k F R 16 [19] , and allows to neglect indirect correlations among Hubbard sites mediated by the metal (such as RKKY interactions or coherent Kondo correlations arising from the overlap of Kondo screening clouds) [21] [22] [23] [24] [25] [26] [27] . In such a limit, the 2D metal can be effectively described by a collection of uncorrelated "fermionic baths", each one coupled to each Hubbard site r ij [26, 27] . Therefore, we describe the metallic substrate as H c = ijξσν ξ c ν † rij ,ξ,σ c ν rij ,ξ,σ , where c rij ,ξ,σ is the annihilation operator of a conduction hole with spin σ and quantum number ξ at position r ij . On the other hand, the coupling to the molecules is described with
The full Hamiltonian of the system H is a many-body Hamiltonian which cannot be solved exactly, and we need to make further approximations to proceed. Assuming the limit of strong repulsion U → ∞, we can neglect configurations with two or more holes in a molecular orbital, and consider only local charge fluctuations between the subspaces with n = 0, 1 holes. A representation that implements this limit is the slave-boson representation [28] In STM experiments, the relevant observable is the differential conductance dI/dV , which in the limit of weak (tunneling) coupling between the STM tip and the system becomes proportional to the spectral density dI/dV ∼ ρ t (−eV ), where the minus sign is needed to pass from hole to electron representation, and where t represents a a mixed operator t These values are similar to those that provide a good fit of the observed line shape for a Co impurity on Cu(111) [29] . The energy of the molecular states (in the hole representation) E h was taken near to -0.1 eV, according to ab-initio calculations which find spectral density of Fe 3d xz and 3d yz states 0.1 eV above the Fermi energy [20] . We also keep the ratio of hoppings t 2 /t 1 =-3, similar to the values obtained above for the simplified system (good fits are also obtained for other values). The hopping t 1 , the hybridization V and q are taken as fitting parameters. We define Γ = πρV 2 . In Fig. 2 we display our fit of the observed dI/dV for the single molecule. From the ab-initio calculations [20] one can estimate U = 1.6 eV, which turns out to be much larger than the value Γ = 0.01 eV that results from the fit. It is also much larger than t i (see below). Therefore, the limit U → ∞, that we have taken in our approach is well justified. Fig.  2 shows a good agreement between our theoretical results and the experiment, in accordance with previous results on single Co impurities on Cu(111) [29] . However, in contrast to that case, here the experimental curves had to be slightly shifted 0.55 mV to the left to make both curves coincide. This might be related with experimental uncertainties [compare Figs. 3 (a) and 3 (b) in Ref. 20 for zero applied magnetic field]. The situation is however mode difficult for the case of the lattice, because of the double dip structure of the observed FKA (see Fig. 3 ). We have kept the same Γ obtained from the fit of the single molecule, but we had to increase slightly the magnitude of E h to |E h | = 0.128 eV in order to obtain better fits. This is well justified by the fact that the molecular states, and in particular the Fe 3d orbitals, increase their occupancy when the molecule is adsorbed on the Au surface [20] , and the single-electron levels are expected to increase their energy due to interatomic Coulomb repulsion. In addition, we had to modify slightly the value of q to q = −0.006, a fact that might be related to the different experimental conditions in which the single molecule and lattice dI/dV spectra were obtained in Ref. 18 . As shown in Fig. 3 , our theory is able to provide semiquantitative agreement with the experiment. In particular, note that the shape of the experimental curve near V = 0 is well reproduced. As before, we have shifted the experimental curve to the left by 1.1 meV. The double dip structure is essentially a consequence of the van Hove singularities in the spectral density of the molecular states, described by the Hubbard part of the model. The splitting between van Hove singularities is given by 2||t 1 | − |t 2 ||z 2 , where z 2 (the square of the magnitude of the condensed boson) plays the role of the quasiparticle weight and introduces a band-narrowing effect due to correlations. The anisotropy of the hopping for an individual molecular orbital (in spite of the orbital-spin SU(4) and space C 4v symmetries [31] ) is the key for this splitting. The hybridization with the conduction states broaden the van Hove singularities.
In the STM experiments, the dI/dV has been measured at different sites of a finite cluster, to study the effects of coordination on the observed spectra. In order to compare with experiment, we have applied our theory to a finite cluster of 5×4 molecules, as shown in Fig. 4 (cf. Ref. [32] ). Some of the results, shown in Fig. 4 display an oscillatory behavior, which are likely to disappear for a more realistic calculation [32] or in the presence of disorder or inhomogeneities (not considered here). In any case, the results provide definite conclusions: the differential conductance at the corners (sites of coordination number 2) do not show a splitting, while those of coor- dination 4 do show two dips in the FKA. The sites with coordination number 3 display an intermediate and variable behavior which depends on the specific site. These results agree with the experimental trends [18] . Summary and discussion.-Motivated by recent experiments on FePc molecules [18] , we have derived a Hubbard-Anderson model which describes a square lattice of of magnetic atoms or molecules with orbital degeneracy on top of a metallic surface. Extension to other lattices is straight forward. While the model has the C 4v symmetry of the square lattice, the individual molecular orbitals are coupled via an anisotropic hopping which leads to two van Hove singularities in the density of states of 3d electrons. These van Hove singularities are the main explanation of the observed splitting in the experimental FKA in the dI/dV . In the presence of strong interactions (which induce a band-narrowing effect) and hybridization to the substrate (which blurs these van Hove singularities), this feature persists and dominates the density of states observed by the STM tip, therefore displaying two dips in the dI/dV around V = 0. Our results explain the observed behavior in systems of FePc molecules on Au(111), for an isolated molecule, the lattice, and the evolution between them in a consistent way.
Our work has its own interest beyond FePc molecules. A study of a similar 2D model without coupling to the conduction band, suggest a ferromagnetic orbital ordering and antiferromagnetic spin ordering at T = 0 for small Hund-rules exchange [33] . The nearest-neighbor anisotropic antiferromagnetic interaction is of the order of 4t 
